The indoor environmental quality (IEQ) of buildings can have a strong influence on occupants' comfort, productivity, and health. Post-occupancy evaluation (POE) is necessary in assessing the IEQ of the built environment, and it typically relies on the subjective surveys of thermal quality, air quality, visual quality, and acoustic quality. In this research, we expanded POE to include both objective IEQ measurements and the technical attributes of building systems (TABS) that may affect indoor environment and user satisfaction. The suite of three tools, including user satisfaction survey, workstation IEQ measurements, and TABS in the National Environmental Assessment Toolkit (NEAT) has been deployed in 1601 workstations in 64 office buildings, generating a rich database for statistical evaluation of possible correlations between the physical attributes of workstations, environmental conditions, and user satisfaction. Multivariate regression and multiple correlation coefficient statistical analysis revealed the relationship between measured and perceived IEQ indices, interdependencies between IEQ indices, and other satisfaction variables of significance. The results showed that overall, 55% of occupants responded as "satisfied" or "neutral", and 45% reported being "dissatisfied" in their thermal quality. Given the dataset, air temperature in work area, size of thermal zone, window quality, level of temperature control, and radiant temperature asymmetry with façade are the critical factors for thermal quality satisfaction in the field. As a result, the outcome of this research contributes to identifying correlations between occupant satisfaction, measured data, and technical attributes of building systems. The presented integrated IEQ assessment method can further afford robust predictions of building performance against metrics and guidelines for IEQ standards to capture revised IEQ thresholds that impact building occupants' satisfaction.
. Indices of thermal quality assessment and indicators.
Thermal Quality Goal Indicator Sources
Air Temperature ( • C) Adequate air temperature by season Temperature management for occupant comfort [9, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] Thermal comfort does not only occur around thermal neutrality [27, 28, [38] [39] [40] Radiant Temperature ( • C)
Radiant temperature management through quality windows and walls
Radiant temperature for user comfort [41] [42] [43] [44] [45] [46] [47] [48] [49] Relative Humidity (%) Adequate humidity management
Managing relative humidity [50] [51] [52] [53] Air Velocity (ft/min) Avoid drafts from air diffusers or windows Most sensitive to draught at the head region [25] Personal Control Support individual productivity, health and user satisfaction Temperature control [6, 20, 24, 25, 45, 46, 48, 52, [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] Humidity control [52, 59, [71] [72] [73] [74] 
Method
The Center for Building Performance and Diagnostics (CBPD) at Carnegie Mellon University (CMU) has collected objective and subjective data on the IEQ at individual workstations in public and private sector buildings. The building performance dataset that has been gathered includes technical attributes of building systems, user satisfaction survey results, and workstation IEQ measurements, as shown in Figure 1 [7] . The purpose of creating this dataset is to explore the correlation between occupants, the technical attributes of the building systems, and the measured indoor environmental quality. It can be helpful for facility managers and architects to identify which of these variables have direct or indirect impact on an office worker's perceived satisfaction regarding thermal, air, visual and acoustic quality [75] . A database was created based on POE field data from 2003 to 2014 [76] . A total of 1719 workstations from 64 buildings were selected according to the following criteria:
• Type of organization: federal offices (n = 33), private sector financial, sales, and marketing companies (n = 31) • Size of office: small-and medium-sized office (less than 500 m 2 )
Three different kinds of data were collected to construct a database: occupant satisfaction surveys, technical attributes of building systems, and workstation IEQ measurements. Each workstation had a unique space ID, which was linked exclusively to thermal, air, visual, acoustic, and spatial quality survey data. In total, 29 user satisfaction variables, 110 building systems variables, and 15 IEQ field measurements variables were combined in MySQL. Each workstation had a unique space ID, which is linked exclusively to thermal, air, visual, acoustic, and spatial quality survey data. Table 1 presents variables which were included in the database. In this paper, we focused on the thermal quality evaluation. The variables that assigned to a single workstation for thermal quality assessment are in Table 2 . • Size of office: small-and medium-sized office (less than 500 m 2 )
Three different kinds of data were collected to construct a database: occupant satisfaction surveys, technical attributes of building systems, and workstation IEQ measurements. Each workstation had a unique space ID, which was linked exclusively to thermal, air, visual, acoustic, and spatial quality survey data. In total, 29 user satisfaction variables, 110 building systems variables, and 15 IEQ field measurements variables were combined in MySQL. Each workstation had a unique space ID, which is linked exclusively to thermal, air, visual, acoustic, and spatial quality survey data. Table  1 presents variables which were included in the database. In this paper, we focused on the thermal quality evaluation. The variables that assigned to a single workstation for thermal quality assessment are in Table 2 . 
User Satisfaction Survey
The intention of the survey questionnaire was to understand how occupants experience their present work environments. Occupant surveys are widely used to assess the reactions and responses of occupants to their indoor environments; such surveys are a powerful tool in research [19, 77, 78] . The occupant was asked to complete a "user satisfaction questionnaire" related to today's specific environmental conditions, as compared to annual satisfaction questionnaires during the time when the workstation's IEQ measurements were recorded.
The Cost-effective Open-Plan Environment (COPE) questionnaire was developed by the National Research Council Canada (NRCC) to support their ongoing research about measured environmental performance and simultaneous levels of user satisfaction in various open-plan office environments [14] . A few questions have been added by CBPD at CMU as a result of recommendations from the General Services Administration (GSA) field study: seasonal temperature satisfaction (3a-3d), odor (2a), cleanliness (4a), and the reason of air movement dissatisfaction (14) [ 79, 80] . The questionnaires were also deployed in closed offices because the overall IEQ evaluation framework and measurement protocols were the same in both conditions. The analyses were performed separately. 
The Cost-effective Open-Plan Environment (COPE) questionnaire was developed by the National Research Council Canada (NRCC) to support their ongoing research about measured environmental performance and simultaneous levels of user satisfaction in various open-plan office environments [14] . A few questions have been added by CBPD at CMU as a result of recommendations from the General Services Administration (GSA) field study: seasonal temperature satisfaction (3a-3d), odor (2a), cleanliness (4a), and the reason of air movement dissatisfaction (14) [79, 80] . The questionnaires were also deployed in closed offices because the overall IEQ evaluation framework and measurement protocols were the same in both conditions. The analyses were performed separately.
This survey was distributed via paper or iPad to selected employees in the workgroup being studied. About 30% of the occupants were recruited in the survey, and Appendix A shows the two pages of user satisfaction survey questionnaires. 
Relative Humidity (%) 
IEQ Field Measurements
First launched in 2000, Carnegie Mellon's portable suite of instruments on the NEAT (National Environmental Assessment Toolkit) cart has evolved over the years (Figure 2) , and it has continued to become more compact and robust as affordable sensor technology advances, and as field research reveals the attributes that truly need to be measured [18] . This cart was developed to ensure a simultaneous qualitative assessment of the thermal, visual, acoustic, and air environments. Positioned in place of the occupant's chair at each sampled workstation, the cart collects temperature data at 10 cm, 60 cm, and 110 cm from the floor, the Relative Humidity (RH), Carbon dioxide (CO 2 ) and Carbon monoxide (CO) concentrations, particulates (PM 2.5 and PM 10), and Total Volatile Organic Compounds (TVOC) at 110 cm, which is defined as the "breathing zone" [81] . Hand-held instruments measure the horizontal and vertical radiant temperature differences, and air velocity. A data logger connected to a tablet personal computer (PC) recorded data from the instruments for analysis [18] .
While the physical measurements were recorded, the occupant was asked to sit nearby and to complete the questionnaire (within 15 min), to correlate their satisfaction with the conditions at the time of measurement. The sampling rates of the spot measurements were typically 30% of the total number of office workstations on each floor, or at least 15 workstations if the workgroup is small, with a mix of open and closed, perimeter and core workstations. Since sampling may occur during cooling, heating, and swing seasons, the size of the multiple building database was critical for cross-sectional analyses against codes and standards. Code analyses were based on ASHRAE-55 [82] and Environmental Protection Agency (EPA) guidelines for thermal quality assessment [83] . The specifications of the measurement instrument used in this study are in Table 3 .
instruments measure the horizontal and vertical radiant temperature differences, and air velocity. A data logger connected to a tablet personal computer (PC) recorded data from the instruments for analysis [18] .
While the physical measurements were recorded, the occupant was asked to sit nearby and to complete the questionnaire (within 15 min), to correlate their satisfaction with the conditions at the time of measurement. The sampling rates of the spot measurements were typically 30% of the total number of office workstations on each floor, or at least 15 workstations if the workgroup is small, with a mix of open and closed, perimeter and core workstations. Since sampling may occur during cooling, heating, and swing seasons, the size of the multiple building database was critical for crosssectional analyses against codes and standards. Code analyses were based on ASHRAE-55 [82] and Environmental Protection Agency (EPA) guidelines for thermal quality assessment [83] . The specifications of the measurement instrument used in this study are in Table 3 . 
Technical Attributes of Building Systems
The CBPD team developed expert walkthrough worksheets to ensure that comparable data is recorded for the attributes of building systems that affect thermal and air quality (mechanical, 
The CBPD team developed expert walkthrough worksheets to ensure that comparable data is recorded for the attributes of building systems that affect thermal and air quality (mechanical, enclosure, interior), lighting and visual quality (enclosure, lighting and interior), acoustic quality (mechanical, enclosure, interior) and spatial/ergonomic quality (individual and collaborative interior conditions as well as amenities). Appendix B shows the technical attributes of building systems questionnaires for thermal quality evaluation.
Statistical Analysis
Among 1719 data points, data from 118 workstations were dropped after being identified as multivariate outliers, leaving 1601 cases for analysis. In each variable, missing values were ignored. Based on the literature review, the four critical variables were also included in the data analysis as follows:
• [84, 85] . It is expected that the season needs to be considered to assess perceived thermal satisfaction.
•
Gender: There is a significant difference between men and women in thermal dissatisfaction. This difference between the genders may be due to clothing insulation and metabolic differences, so that gender was considered in the data analysis [8, [86] [87] [88] .
• Perimeter vs. Core workstations: Occupants working in perimeter offices have shown higher user satisfaction than those working in the core. The location of the workstation needs to be considered for perceived user satisfaction. Since the environmental variables such as view, thermal control, and air movement, and so on, are quite different between perimeter and core workstations, it is expected that the location of the workstations needs to be considered for perceived user satisfaction [75, 78, 89] .
Open-plan and closed offices: It has been shown that open-plan office occupants are more satisfied with their environments than closed-office occupants [14] . It is expected that occupant satisfaction may be related to privacy and control issues in the office, so the office types were considered in the analysis [12] . Table 4 show the demographics of participant. Since demographic questions were not mandatory and because some of the organizations did not want to be included in the questionnaire, the total number (n = 1050) was less than other COPE answers. In this research, five models were developed as shown in Table 5 . Using five models, we could confirm and re-check the results. A range of statistical methods and data mining algorithms were utilized to test the research hypotheses formalized in the POE field studies. The adopted tools includes descriptive statistics, two-sample t-tests, analysis of variance, and Baron and Kenny's mediated regression analysis methods [90] . Bivariate analysis was applied using the chi-squared test for contingency tables. A t-test was used with a 95% confidence interval for the mean by gender, the location of the workstation (perimeter vs. core), and office type (open-plan vs. closed) that were approximately normally distributed. Density analysis were used to define the thresholds by a 7-scale user satisfaction level. Finally, multiple logistic regression was used to identify significant predictors of user satisfaction. Differences among the 7-scale user satisfaction levels were calculated by prediction expression equations. In each model, outliers on the variables used in that phase only were excluded. Therefore, the number of cases in the analyses were slightly different from model to model. utilized to test the research hypotheses formalized in the POE field studies. The adopted tools includes descriptive statistics, two-sample t-tests, analysis of variance, and Baron and Kenny's mediated regression analysis methods [90] . Bivariate analysis was applied using the chi-squared test for contingency tables. A t-test was used with a 95% confidence interval for the mean by gender, the location of the workstation (perimeter vs core), and office type (open-plan vs closed) that were approximately normally distributed. Density analysis were used to define the thresholds by a 7-scale user satisfaction level. Finally, multiple logistic regression was used to identify significant predictors of user satisfaction. Differences among the 7-scale user satisfaction levels were calculated by prediction expression equations. In each model, outliers on the variables used in that phase only were excluded. Therefore, the number of cases in the analyses were slightly different from model to model. The purpose of Model 1 is to assess the correlation between the perceived user satisfaction and the physical IEQ measurements, and to identify which IEQ measurements have a direct impact on office worker's perceived satisfaction on thermal quality. To identify the critical variables, ordinary least squares, which covers a wide spectrum of standard models, including regression, Analysis of variance (ANOVA) and analysis of covariance, and Pearson's chi-squared test, were utilized in 10 measured IEQ variables against selected user satisfaction questions. If the differences among user satisfaction levels were statistically significant (p < 0.05), we conducted density analyses and visualized the thresholds based on the 7-scale user satisfaction level.
Model 2
Model 2 was utilized to define the correlation between perceived user satisfaction and the technical attributes of the building systems, as well as to identify which attributes of building systems
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MODEL 2
Correlation between user satisfaction and technical attributes of building systems utilized to test the research hypotheses formalized in the POE field studies. The adopted tools includes descriptive statistics, two-sample t-tests, analysis of variance, and Baron and Kenny's mediated regression analysis methods [90] . Bivariate analysis was applied using the chi-squared test for contingency tables. A t-test was used with a 95% confidence interval for the mean by gender, the location of the workstation (perimeter vs core), and office type (open-plan vs closed) that were approximately normally distributed. Density analysis were used to define the thresholds by a 7-scale user satisfaction level. Finally, multiple logistic regression was used to identify significant predictors of user satisfaction. Differences among the 7-scale user satisfaction levels were calculated by prediction expression equations. In each model, outliers on the variables used in that phase only were excluded. Therefore, the number of cases in the analyses were slightly different from model to model. The purpose of Model 1 is to assess the correlation between the perceived user satisfaction and the physical IEQ measurements, and to identify which IEQ measurements have a direct impact on office worker's perceived satisfaction on thermal quality. To identify the critical variables, ordinary least squares, which covers a wide spectrum of standard models, including regression, Analysis of variance (ANOVA) and analysis of covariance, and Pearson's chi-squared test, were utilized in 10 measured IEQ variables against selected user satisfaction questions. If the differences among user satisfaction levels were statistically significant (p < 0.05), we conducted density analyses and visualized the thresholds based on the 7-scale user satisfaction level.
Model 2
Ordinary Least Squares
Ordered Logistic Fit Contingency Analysis Pearson Correlation
MODEL 3
Correlation between workstation's IEQ measurements and technical attributes of building systems includes descriptive statistics, two-sample t-tests, analysis of variance, and Baron and Kenny's mediated regression analysis methods [90] . Bivariate analysis was applied using the chi-squared test for contingency tables. A t-test was used with a 95% confidence interval for the mean by gender, the location of the workstation (perimeter vs core), and office type (open-plan vs closed) that were approximately normally distributed. Density analysis were used to define the thresholds by a 7-scale user satisfaction level. Finally, multiple logistic regression was used to identify significant predictors of user satisfaction. Differences among the 7-scale user satisfaction levels were calculated by prediction expression equations. In each model, outliers on the variables used in that phase only were excluded. Therefore, the number of cases in the analyses were slightly different from model to model. The purpose of Model 1 is to assess the correlation between the perceived user satisfaction and the physical IEQ measurements, and to identify which IEQ measurements have a direct impact on office worker's perceived satisfaction on thermal quality. To identify the critical variables, ordinary least squares, which covers a wide spectrum of standard models, including regression, Analysis of variance (ANOVA) and analysis of covariance, and Pearson's chi-squared test, were utilized in 10 measured IEQ variables against selected user satisfaction questions. If the differences among user satisfaction levels were statistically significant (p < 0.05), we conducted density analyses and visualized the thresholds based on the 7-scale user satisfaction level.
Model 2
Ordinary Least Squares
Ordered Logistic Fit One-way ANOVA
MODEL 4
Correlation of user satisfaction with the combination of building attributes and workstation IEQ measurements mediated regression analysis methods [90] . Bivariate analysis was applied using the chi-squared test for contingency tables. A t-test was used with a 95% confidence interval for the mean by gender, the location of the workstation (perimeter vs core), and office type (open-plan vs closed) that were approximately normally distributed. Density analysis were used to define the thresholds by a 7-scale user satisfaction level. Finally, multiple logistic regression was used to identify significant predictors of user satisfaction. Differences among the 7-scale user satisfaction levels were calculated by prediction expression equations. In each model, outliers on the variables used in that phase only were excluded. Therefore, the number of cases in the analyses were slightly different from model to model. The purpose of Model 1 is to assess the correlation between the perceived user satisfaction and the physical IEQ measurements, and to identify which IEQ measurements have a direct impact on office worker's perceived satisfaction on thermal quality. To identify the critical variables, ordinary least squares, which covers a wide spectrum of standard models, including regression, Analysis of variance (ANOVA) and analysis of covariance, and Pearson's chi-squared test, were utilized in 10 measured IEQ variables against selected user satisfaction questions. If the differences among user satisfaction levels were statistically significant (p < 0.05), we conducted density analyses and visualized the thresholds based on the 7-scale user satisfaction level.
Model 2
Ordinary Least Squares
Ordered Logistic Fit
MODEL 5
Correlation
Therefore, the number of cases in the analyses were slightly different from model to model. The purpose of Model 1 is to assess the correlation between the perceived user satisfaction and the physical IEQ measurements, and to identify which IEQ measurements have a direct impact on office worker's perceived satisfaction on thermal quality. To identify the critical variables, ordinary least squares, which covers a wide spectrum of standard models, including regression, Analysis of variance (ANOVA) and analysis of covariance, and Pearson's chi-squared test, were utilized in 10 measured IEQ variables against selected user satisfaction questions. If the differences among user satisfaction levels were statistically significant (p < 0.05), we conducted density analyses and visualized the thresholds based on the 7-scale user satisfaction level.
Model 2
Model 2 was utilized to define the correlation between perceived user satisfaction and the technical attributes of the building systems, as well as to identify which attributes of building systems The purpose of Model 1 is to assess the correlation between the perceived user satisfaction and the physical IEQ measurements, and to identify which IEQ measurements have a direct impact on office worker's perceived satisfaction on thermal quality. To identify the critical variables, ordinary least squares, which covers a wide spectrum of standard models, including regression, Analysis of variance (ANOVA) and analysis of covariance, and Pearson's chi-squared test, were utilized in 10 measured IEQ variables against selected user satisfaction questions. If the differences among user satisfaction levels were statistically significant (p < 0.05), we conducted density analyses and visualized the thresholds based on the 7-scale user satisfaction level.
Model 2 was utilized to define the correlation between perceived user satisfaction and the technical attributes of the building systems, as well as to identify which attributes of building systems predicted perceived satisfaction. The ordinary least squares and Pearson's chi-squared test methods were conducted to identify critical physical building characters that were related to perceived user satisfaction. Among variables in TABS, the indices that were not binomial characters were converted to factor variables.
Model 3
Model 3 was used to define correlations between IEQ measurements and building attributes, and identify which building attributes predict IEQ. The correlation analysis was conducted for TABS variables and NEAT measurements of IEQ. An ordinary least squares and ordered logistic fit were conducted to identify critical physical building characters which were related to IEQ measurements.
Model 4
In Model 4, the correlation between user satisfaction and all variables including technical attributes of building systems, as well as workstation IEQ measurements was tested. In addition, gender, perimeter versus core workstation location, open-plan versus closed-office types, and season were also tested with those variables for correlation with user satisfaction. In this model, the correlation between a total of twenty variables (10 physical attributes investigated in the TABS record and 10 sets of workstation IEQ measurements assessed by a NEAT instrument) and two user satisfaction responses investigated in the COPE questionnaires (i.e., air temperature in the work area and air movement in the work area) were analyzed using ordinary least squares and ordered logistic fit. The mediation effects were also tested in this stage, followed by Baron and Kenny's regression analysis methods [90] .
Model 5
The goal of Model 5 was to identify which combination of technical attributes of building systems and workstation's IEQ measurements affected user satisfaction, as well as defining how much % was affected. Initially, all variables (10 technical attributes of building systems and 10 IEQ measurements) were tested against user satisfaction using ordinary least squares and ordered logistic fit. However, because of the multicollinearity and omitted values in the process, we developed 'Model 5', which included critical variables selected from models 1 to 4. To quantify the correlation of each variable and to predict the effectiveness, an ordered logistic fit and generalized linear model tests were performed, accompanied with a maximum likelihood estimation and the Wald test.
Results
Given the NEAT database of 1197 workstations in 64 buildings, overall, 55% of occupants responded as 'satisfied' or 'neutral', and 45% of occupants reported as 'dissatisfied' with their thermal conditions. The average temperature satisfaction was 3.5, which fell between 'somewhat dissatisfied' and 'neutral' with their temperature satisfaction on a 7-point scale (very dissatisfied, dissatisfied, somewhat dissatisfied, neutral, somewhat satisfied, satisfied, and very satisfied) survey.
The combination of technical attributes of the building systems and workstation IEQ measurements that had significant correlation with user satisfaction are as follows (Table 6 ).
• Occupants in closed offices showed higher satisfaction than occupants in an open-plan office location (p = 0.01).
•
A smaller "size of zone" could increase user satisfaction (p = 0.01).
• Individual control of the thermostat could increase user satisfaction (p = 0.001).
Better "window quality (enclosure)" could increase user satisfaction (p = 0.03).
The air temperature at 60 cm from the floor and radiant temperature asymmetry between the exterior and interior walls significantly affected user satisfaction (p < 0.05). 
Air Temperature
CMU's analysis of the NEAT database revealed that during the heating and swing seasons, 85% of the measured temperatures were within the ASHRAE 55 thermal comfort range, which is between 20 • C and 25.6 • C. However, during the cooling season, 36% of measured temperatures were below the comfort range, and resulted in 58% dissatisfaction in the user thermal survey (Figure 3) . To identify the thresholds of the satisfaction with the temperature in the summer, density analyses were conducted, as shown in Table 7 . The red curve shows the range of temperatures from the dissatisfied group, and the green curve is the satisfied group. The majority of the temperatures for the dissatisfied workstations were around 22.7 °C, and the satisfied group's temperatures were around 24.8 °C. The difference was statistically significant (p < 0.05). The result showed that warmer temperatures are considered in cooling season by looking at measured field temperatures in workstations correlated with user satisfaction level. Table 7 . Analysis of variance of air temperature at 60 cm from the floor by user satisfaction, cooling season (n = 309). To identify the thresholds of the satisfaction with the temperature in the summer, density analyses were conducted, as shown in Table 7 . The red curve shows the range of temperatures from the dissatisfied group, and the green curve is the satisfied group. The majority of the temperatures for the dissatisfied workstations were around 22.7 • C, and the satisfied group's temperatures were around 24.8 • C. The difference was statistically significant (p < 0.05). The result showed that warmer temperatures are considered in cooling season by looking at measured field temperatures in workstations correlated with user satisfaction level. Table 7 . Analysis of variance of air temperature at 60 cm from the floor by user satisfaction, cooling season (n = 309).
for the dissatisfied workstations were around 22.7 °C, and the satisfied group's temperatures were around 24.8 °C. The difference was statistically significant (p < 0.05). The result showed that warmer temperatures are considered in cooling season by looking at measured field temperatures in workstations correlated with user satisfaction level. Figure 4 shows the distribution in the size of the zone for 1155 workstations in 64 buildings, divided between the perimeter and core office locations. A total of 13% of offices had one thermostat shared by more than 25 people, 32% of the offices were controlled by 10-15 persons per thermostat (n = 419), 36% of workstations had 5-10 people per thermostat (n = 373), and 19% had less than five people (individual control 5%, n = 58; and 2-5 people 14%, n = 158). Figure 4 shows the distribution in the size of the zone for 1155 workstations in 64 buildings, divided between the perimeter and core office locations. A total of 13% of offices had one thermostat shared by more than 25 people, 32% of the offices were controlled by 10-15 persons per thermostat (n = 419), 36% of workstations had 5-10 people per thermostat (n = 373), and 19% had less than five people (individual control 5%, n = 58; and 2-5 people 14%, n = 158). The results showed that temperature satisfaction increased as the thermal zone decreased by size, as fewer people shared a single thermostat in both heating and cooling seasons ( Figure 5 ). Table  8 shows the variables used in the size of thermal zone and satisfaction analysis in both Cooling and heating seasons. The relationship between size of thermal zone and user satisfaction levels are highly correlated as examined in Table 9 . On average, 80% of occupants were satisfied with an individual thermal zone, while only 20% of occupants were satisfied when 15-25 people shared one thermostat (n = 737, b = 44, p < 0.001). The results showed that temperature satisfaction increased as the thermal zone decreased by size, as fewer people shared a single thermostat in both heating and cooling seasons ( Figure 5 ). Table 8 shows the variables used in the size of thermal zone and satisfaction analysis in both Cooling and heating seasons. The relationship between size of thermal zone and user satisfaction levels are highly correlated as examined in Table 9 . On average, 80% of occupants were satisfied with an individual thermal zone, while only 20% of occupants were satisfied when 15-25 people shared one thermostat (n = 737, b = 44, p < 0.001).
Size of Themral Zone

size, as fewer people shared a single thermostat in both heating and cooling seasons ( Figure 5 ). Table  8 shows the variables used in the size of thermal zone and satisfaction analysis in both Cooling and heating seasons. The relationship between size of thermal zone and user satisfaction levels are highly correlated as examined in Table 9 . On average, 80% of occupants were satisfied with an individual thermal zone, while only 20% of occupants were satisfied when 15-25 people shared one thermostat (n = 737, b = 44, p < 0.001). The disparity was especially significant for females during the cooling season, with the highest thermal dissatisfaction in large zone areas (with colder temperatures and seasonal clothing) as shown in Figure 6 . The clo values, the thermal insulation of clothing, are considered as a value of 1.1 in heating season, 0.8 in swing season and 0.5 in cooling season. There is a significant correlation between size of thermal zone and female occupants' satisfaction level regardless of the seasons (Table 10) . Thermal satisfaction on females can be affected by their clothing because clo value in females is 0.5 whereas males is value of 0.7 [76] . During the cooling season, when 15-25 people shared one thermostat, only 7% of female occupants were satisfied with the air temperature, while the workstations with individual thermostat showed 64% satisfaction (n = 422, b = 22, p < 0.001).
heating Looking at the cooling season data more closely revealed that when the size of the thermal zone was less than five controls and two to five people per thermostat, over 90% of the measured temperatures were within the ASHRAE comfort range, as highlighted in Figure 7 . However, when the size of zone was over 10, or 10-25 people/thermostat, about 80% of workstations were deemed as "too cold" at an average temperature of 21.7 • C. Summer data can be statistically addressed by redirecting the size of thermal zone to less than five, and by raising air temperature. At present, there are no code mandates limiting the size of thermal zones, with value engineering often reducing the number of engineered zones before construction even begins. The results revealed that 80% satisfaction might only be achievable with 'micro-zoning (the size of zone is less than 5)', providing a level of temperature control at every workstation.
Level of Temperature Control
The level of user control can predict user satisfaction on temperature. In this paper, the level of control was surveyed in three categories: hidden thermostat, visible but locked thermostat, and controllable thermostat. A total of 65% had hidden thermostats in the office among 1004 respondents, a majority of workstations, and only 18% of occupants could control their thermal environment, as summarized in Table 11 . 
The level of user control can predict user satisfaction on temperature. In this paper, the level of control was surveyed in three categories: hidden thermostat, visible but locked thermostat, and controllable thermostat. A total of 65% had hidden thermostats in the office among 1004 respondents, a majority of workstations, and only 18% of occupants could control their thermal environment, as summarized in Table 11 . Table 12 shows the variables and summery statistics for user satisfaction on air temperature by the level of control. The level of thermostat control is significantly related to occupant satisfaction in both open-plan offices and closed offices ( Table 13 ). The result showed that occupants with access to controllable thermostats had higher satisfaction (62%), while locked but visible thermostats yielded worse satisfaction (22%) than hidden thermostats (36%). Locked but visible thermostats were worse than hidden thermostats in both open-plan (n = 654, b = 64, p < 0.01) and closed offices (n = 350, b = 64, p < 0.05) (Figure 8 ). 
Radiant Temperature Asymmetry with Faç ade
Large differences in the thermal radiation of the surfaces surrounding an occupant may cause local discomfort. The ASHRAE Standard 55 sets limits on the allowable temperature differences between various surfaces [82] . Ensuring that the temperature asymmetry between exterior and interior walls is less than 3.9 °C increased user satisfaction by 0.73 points in perimeter offices (n = 692, b = 64, p < 0.001). There was a significant correlation between radiant temperature asymmetry between the exterior and interior walls, and user satisfaction in perimeter offices (p < 0.0001), but the relationship was not relevant in core offices (p = 0.08). There is a significant correlation between radiant temperature asymmetry between exterior and interior walls, and user satisfaction in perimeter offices (p < 0.0001). The mean radiant temperature asymmetry between exterior and interior walls in perimeter offices was only 1.7 °C, which was far below ASHRAE's temperature of 10 °C [76] .
To identify the thresholds of satisfaction, density analyses were conducted (Table 14) . The majority of the temperature differences for the dissatisfied group were greater than 2.2 °C, and the satisfied group's temperatures were less than 1.0 °C. The difference was statistically significant (95% confident interval, p < 0.05). Based on this analysis, there was a possibility that people were less satisfied when the radiant asymmetry between exterior and interior walls was greater than 2.2 °C. 
Radiant Temperature Asymmetry with Façade
Large differences in the thermal radiation of the surfaces surrounding an occupant may cause local discomfort. The ASHRAE Standard 55 sets limits on the allowable temperature differences between various surfaces [82] . Ensuring that the temperature asymmetry between exterior and interior walls is less than 3.9 • C increased user satisfaction by 0.73 points in perimeter offices (n = 692, b = 64, p < 0.001). There was a significant correlation between radiant temperature asymmetry between the exterior and interior walls, and user satisfaction in perimeter offices (p < 0.0001), but the relationship was not relevant in core offices (p = 0.08). There is a significant correlation between radiant temperature asymmetry between exterior and interior walls, and user satisfaction in perimeter offices (p < 0.0001). The mean radiant temperature asymmetry between exterior and interior walls in perimeter offices was only 1.7 • C, which was far below ASHRAE's temperature of 10 • C [76] .
To identify the thresholds of satisfaction, density analyses were conducted (Table 14) . The majority of the temperature differences for the dissatisfied group were greater than 2.2 • C, and the satisfied group's temperatures were less than 1.0 • C. The difference was statistically significant (95% confident interval, p < 0.05). Based on this analysis, there was a possibility that people were less satisfied when the radiant asymmetry between exterior and interior walls was greater than 2.2 • C. 
Discussion
Prediction of User Satistacion for Future Studies
We have developed predictive analytics equations for predicting the occupant satisfaction levels in given IEQ conditions. Predictive analytics is the use of data, statistical algorithms, and machine learning techniques to identify the likelihood of future outcomes based on historical data [91] . Table 15 shows the result of prediction expression, and it can provide an insight of user satisfaction for individualized thermal quality management in the field. The stepwise multiple logistic was used to identify significant predictors of user satisfaction. Differences in user satisfaction level were calculated by prediction expression equations in SAS software [91] .
We also conducted correlation analysis to test that the selected indices are critical and can successfully predict user satisfaction. Table 16 shows the correlation between user satisfaction and an interaction of building attributes and IEQ measurements when p-value is less than 0.05. The result confirmed that a combination of critical factors can inform user satisfaction.
Using these research results, we can develop simplified IEQ field toolkit. We can expect that simplified IEQ tools that combine critical thermal measurement instrument with user surveys can provide a statistically significant insight into IEQ conditions at a fraction of the cost of complex field instrumentation, to provide a first tier of evaluation critical field evaluation of built environment. 
Discussion
Prediction of User Satistacion for Future Studies
Using these research results, we can develop simplified IEQ field toolkit. We can expect that simplified IEQ tools that combine critical thermal measurement instrument with user surveys can provide a statistically significant insight into IEQ conditions at a fraction of the cost of complex field instrumentation, to provide a first tier of evaluation critical field evaluation of built environment. Notes: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
Research Limitations
There are some limitations of this research. First, the conclusions were based on field measurement data, as opposed to controlled experiments derived from an existing mixed-quality building stock. Second, the data are collected from NEAT short-term spot measurements in one season per building. Third, data collection for the technical attributes of building systems was dependent on interpretations of experts in the field. For example, sometimes, diffuser alignments 
There are some limitations of this research. First, the conclusions were based on field measurement data, as opposed to controlled experiments derived from an existing mixed-quality building stock. Second, the data are collected from NEAT short-term spot measurements in one season per building. Third, data collection for the technical attributes of building systems was dependent on interpretations of experts in the field. For example, sometimes, diffuser alignments were recorded by the perception of on-site building performance measurement professionals. Not always from the building system drawings.
Summary and Conclusions
The goal of this research was to develop and design guidelines to enhance user satisfaction by providing optimized individual IEQ components. Three objectives were established toward this research goal.
•
To identify critical IEQ and physical factors for user satisfaction on thermal quality.
•
To identify correlations between building systems, measured IEQ, and user satisfaction in concurrent time frames.
To define thresholds for highest user satisfaction in the field.
To achieve this goal, five statistical models were established to test hypotheses and to define the relations between IEQ measurements and technical attributes of building systems, as well as the user satisfaction survey. The main findings and contributions can be summarized as follows.
First, this research provided an integrated approach to POE with indoor environmental quality measurements and technical attributes of building systems by using filed survey to capture IEQ conditions in a work environment. This approach identified critical factors in the physical environment that impact building occupant satisfaction and provided practical IEQ assessment methods and procedures, centered on the occupants' perspective. Table 17 illustrates the IEQ and technical attributes of building systems that significantly impacted user satisfaction on the thermal quality. Second, the analysis can help inform design decisions. Among all technical attributes of building systems, three TABS parameters, including size of zone, window quality and level of thermal control, are deemed to be critical to ensure user satisfaction. As such, for thermal quality, having a smaller size of zone, tight windows, and controllable thermostats are recommended.
Third, the results also suggest that occupant satisfaction survey response can re-calibrate thermal quality thresholds. Given our dataset, using 1601 workstation's IEQ measurements and user satisfaction survey responses from 64 buildings, refined IEQ thresholds for the highest building occupant satisfaction on thermal quality were suggested, as shown in Table 18 . Table 18 . Redefined thresholds for user thermal satisfaction derived from 64 office buildings. To summaries, the outcome of this research contributes to exploring correlations between occupant satisfaction and measured data with an integrated survey method to assess building IEQ. The holistic IEQ assessments further afford a capability of predicting users' satisfaction from captured IEQ data and inform revised IEQ thresholds linking to higher occupants' satisfaction. 
